The paracrystalline outer membraneous layer (HPI layer) of Micrococcus radiodurans has been investigated by negative-and positive-staining electron microscopy and subsequent digital image processing. The subunit structure of the major HPI layer protein complex and the lipid-protein distribution in the plane of the membrane have been determined. The HPI layer was found to be highly asymmetric in a transmembrane direction, with the major protein complex only partly penetrating into a lipid-containing backing layer intimately associated with it.
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Electron microscopy has shown that several bacterial species (1, 2) have regular, quasi-crystalline arrays of macromolecules in their cell envelopes. These monolayers of protein or glycoprotein were usually found outermost in the cell wall. Micrococcus radiodurans, a Gram-positive tetrad-forming coccus famous for its exceptional radioresistance, has a complicated multilayered cell wall structure (3) that, in some respects, is atypical for Gram-positive bacteria: it consists of two membraneous layers, the inner or cytoplasmic membrane and an outer "membrane."t The murein or peptidoglycan layer located between them has a thickness of 15-20 nm. It is perforated by holes, 10-12 nm in diameter, that are more or less uniformly distributed over the sacculus. Whereas the inner membrane shows typical features of a "unit membrane" having a thickness of 7-8 nm in electron micrographs of thin sections, the outer membrane is much thicker and remains largely featureless under conventional conditions of fixation and staining (Fig. 1) . In reference to a previous report (3) of the M. radiodurans cell wall architecture postulating a multilayered outer membraneous sheet, we introduced (4) the abbreviation HPI layer (hexagonally packed intermediate layer) for the periodic cell wall component.
The exceptional radioresistance of M. radiodurans has been ascribed to an efficient repair mechanism for DNA lesions (5).
The HPI layer appears to be involved in a hitherto unknown way in the protective or repair mechanisms as may be inferred from irradiation experiments (6, 7). The high redundancy in the HPI layer manifested in its paracrystalline arrangement could be an advantage for an efficient repair system. Determination of the high-resolution structure of such membranes by electron microscopy is facilitated by the periodic arrangement of the constituent molecules because the stochastic effects of radiation damage and irregularities of staining procedures can easily be averaged out by image processing. Hence, such a system appears to be particularly attractive for a correlative biochemical and structural investigation. operating at 100 keV at a magnification of 50,000. Micrographs were selected by optical diffraction and studied by densitometry using a raster size of 50 ,gm2 on an Optronics P-1700 photoscan/photowrite unit. Fourier transforms of 256 X 256 pixels were computed. Concentrations of high intensities were located by a peak detection routine and their center of gravity positions were displayed on the line printer in a geometrical arrangement subsequently used for indexing the diffraction pattern. Reciprocal lattice vectors were obtained from a least squares fit. Lattices with all experimental reflexes agreeing with the ideal positions to better than 2% of the lengths of the reciprocal vectors were retained for further processing. Filtered images were obtained by inverse Fourier transformation using pseudo-optical masking where the size of the "filter holes" was chosen to give a spatial averaging of approximately 100 unit cells. The digital diffraction patterns and the processed images
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RESULTS AND DISCUSSION Gross Morphology. Cell wall preparations obtained by the method described consist mainly of large HPI layer fragments with some admixture of small "amorphous" membrane vesicles most likely originating from the cytoplasmic membrane. The HPI layer fragments resembled the bacterial shape and apparently had considerable physical rigidity. When the curved HPI layer fragments became adsorbed to the specimen support, they collapsed, giving rise to Moire patterns due to a superposition of lattices. They usually folded over along lattice lines forming straight borders of considerable length. Along the folding border, regularly spaced mushroom-shaped particles protruded by 12-13 nm from a thin, seemingly "amorphous," backing layer 6-8 nm thick which we regard to be an integral part of the HPI layer (Fig. 2) . The thickness of the HPI layer as derived from thin sections (20-22 nm) (Fig. 1) is thus comparable to the added dimensions of the backing layer and the protruding mushroom-shaped particles-i.e., the HPI layer appears to be a highly asymmetric membrane. In projections perpendicular to the membrane plane, paracrystalline regions without lattice distortions and comprising 4000 unit cells or more frequently were observed, indicating that the bacterial surface is uniformly covered by HPI layer (Fig. 3) (Fig. 4a) . The toothed Note that superimposed vesicles (V) appear in relatively high contrast. The boxed area was used for image processing.
wheel structure corresponds to the mushroom-shaped particles seen in side view along the folding borders ( Fig. 2) and represents the major protein complex of the HPI layer. Although the subunit structure is not yet clearly resolved, the complex appears to be composed of a core (7-8 nm in diameter) around which six "subunits" (2.5 nm in diameter) skewed by 100 from central rays are arranged. This peripheral region of the protein complex shows some variation with the different negative stains. The subunits were best resolved in specimens stained with uranyl acetate and least distinct with phosphotungstate. Ammonium molybdate gave an intermediate situation (Fig. Sa) . All negative stains depicted a central pore 2.5-3 nm in diameter (Fig. 4a) . The considerable depth of this pore was reflected by the strong contrast that a numerical analysis has shown to be significantly higher than in any other region of the unit cell. The remain occasionally unfilled by stain, providing further evidence that the "contour resolution" (8) of negative stains is limited to approximately the size of this pore. These major protein complexes were intercalated by heavily stainable volumes forming rosettes of 6-fold symmetry. Each of the "petals" of the rosette had a central stain-excluding region 2-2.5 nm in diameter, which might represent another protein species. The major complexes seemed to be interconnected by fine spokes separating the petals from each other. The remarkable connectivity of the proteinaceous part of the HPI layer after removal of the backing layer by detergent treatment might be attributed to these interconnecting spokes. backing layer, however, is obviously responsible for the curvature of the HPI layer fragments because the bacterial shape was no longer maintained after its removal. Rather, the HPI layer fragments lacking the backing layer settled down flat on the specimen support without folding over, which was facilitated by irregular centripetal fissures (Fig. 5) .
Lipid-Protein Topography. HPI layer preparations were chemically characterized by Work and Griffiths (2) who showed that approximately 25% of the material was extractable by lipid solvents. This value is in good agreement with a protein content of 70-75% found in our own preparations. Although the bulk of the proteinaceous matter is obviously contained in the major complex described above, the lipid topography cannot be derived unequivocally from negatively stained specimens. Hence, we tried to make the lipid domains directly visible by positive staining. Although OsO4 is not a very specific stain for membrane lipids, it is nevertheless undisputed (9, 10) that the lipids react preferentially with Os04. It has in fact been shown that proteins appear with only minimal contrast enhancement upon reaction with OS04 (11) and that membranes no longer assume contrast upon lipid depletion (12) . The high affinity of OS04 for lipids is also documented in Fig. 3b where the small contaminating membrane vesicles predominantly composed of lipid appear with highest contrast.
In the unfiltered image of the positively stained specimen (Fig. 3b) , a fine high-contrast reticle became visible. The filtered images (Fig. 4b) clearly reveal that the positively stained areas correspond to the intercalating rosettes prominent in the negatively stained images (Fig. 4a) . This means that the major protein complex really penetrates into a lipid layer, leaving approximately annular lipid domains in between. Because, in turn, it can be seen in side views that the major protein complex interlocks with the backing layer, the lipid is most likely associated with this part of the HPI layer. Resolution in the positively stained specimens was definitely worse than in the negatively stained ones. Nevertheless, the fine interconnecting spokes remained visible whereas the petals of the rosette showed no substructure. In contrast to negative staining, the pore was no longer distinctly portrayed upon staining with OS04; this means that osmiophilic lipid was excluded from the pore.
In order to correlate the biochemical data and the electron microscopic data, we computed the area fraction of osmiophilic and unstained regions. The lipid/protein area ratio found was 0.6. Relating this to the data of the bulk chemical analysis, it turns out that only 30-45% of the protein volume can be buried in the backing layer.
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